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pointers when storing data within memory pages. Multiple
memory pointers may refer to a primary page storing a defini-
tive copy of data. When that data is to be modified, a copy on
write operation creates a second copy in another memory
page which may then be modified and updates memory point-
ers accordingly. When data within two or more memory pages
is identical to data within a primary page, a collapse on write
operation updates memory pointers to refer to the primary
page and de-allocates the duplicative and now unused
memory pages.
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1
REUSE OF DYNAMICALLY ALLOCATED
MEMORY

BACKGROUND

Devices ranging from graphics cards to cloud computing
servers executing virtual servers use computer readable stor-
age media (CRSM) to store data. The CRSM may include
random access memory (RAM), magnetic memory, optical
memory, and so forth. Regardless of the physical format, such
memory is finite. Blocks of memory may be designated as
pages, and data stored within those pages. Pages may be
dynamically allocated to different processes over time, to
meet the changing needs of those processes.

Upon examining the memory contents of conventional sys-
tems, at various times the contents of many pages would be
found to be identical. For example, on a server hosting hun-
dreds of virtual instances of the same application, at a given
time several users may be viewing the same bitmap of'a splash
screen resulting in that same bitmap being stored in hundreds
of different memory pages. This duplication of identical data
within the memory results in an undesirable increase in
memory usage.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description is set forth with reference to the
accompanying figures. In the figures, the left-most digit(s) of
areference number identifies the figure in which the reference
number first appears. The use of the same reference numbers
in different figures indicates similar or identical items.

FIG. 1 is a block diagram of an illustrative device using a
memory manager configured to reuse dynamically allocated
memory using a collapse on write operation.

FIG. 2 illustrates a copy on write operation and corre-
sponding update of memory pointers.

FIG. 3 illustrates a collapse on write operation and corre-
sponding update of memory pointers.

FIG. 4 illustrates copies and collapses of data over time
across four memory pages.

FIG. 5 is a flow diagram of an illustrative process of de-
allocating memory pages with duplicative data to allow for
reuse.

FIG. 6 is a flow diagram of an illustrative process of a
collapse on write operation.

FIG. 7 is a flow diagram of an illustrative process of com-
parison of two or more memory pages to find duplicative data.

FIG. 8 is a flow diagram of an illustrative process of using
a shared previously initialized memory page.

FIG.9is aflow diagram of an illustrative process of writing
data to a shared previously initialized memory page.

DETAILED DESCRIPTION

Computing devices store data including executable code
and user information in a variety of computer readable stor-
age media (CRSM), or memory. The memory accessible to a
given device, while large, is finite. The memory may be
divided into blocks of memory known as pages. Each page
may be used to store data. Pointers may be used to refer a
process such as an application or portion of an application to
a particular page of memory. These pointers comprise
addresses for actual memory locations within particular
memory hardware or virtual memory locations.

In many situations, processes running on the computing
device may store the same data in several pages. For example,
a server executing three instances of the same application
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2

may store three copies of the same initial environment vari-
ables such that each instance has its own page. While work-
able, this is very memory intensive.

A reduction in memory usage is possible by adjusting
pointers such that data in otherwise identical pages is shared
among processes. Continuing the example, a single page may
store the initial environment variables. That single page may
then be referred to by three pointers, one associated with each
instance of the application. Thus, instead of having three
duplicate copies, a single copy is stored in memory.

Sharing the page may introduce problems when one of the
instances needs to modify data within the page. From the
example above, a user changing a setting in one instance may
not wish to affect the setting in another user’s instance. When
a shared page is accessed and data within is to be changed, a
copy on write operation makes a copy of the page which the
pointer was pointing to, updates the pointer associated with
that process to point to the second page, and then modifies the
data within the second page copy. The copy on write opera-
tion allows for the initial sharing of common pages, but
quickly leads to growth in memory usage.

Described herein are techniques and systems configured to
allow for the reuse of dynamically allocated memory. Data in
memory pages may be shared and utilize the copy on write
operation to expand the pages as changes are made. Con-
versely, memory pages which contain data deemed to be
identical are consolidated using a collapse on write operation,
reducing memory page usage. Also described are techniques
for reducing memory usage by providing an initialized
memory page which is referred to via pointers. Rather than
filling memory with many initialized memory pages, pointers
refer to a representative primary initialized memory page.
Ilustrative Environment

FIG.1is ablock diagram of an illustrative device 100 using
amemory manager configured to reuse dynamically allocated
memory. This device 100 may include one or more processors
102 configured to execute instructions. This processor may be
general purpose processor, application specific integrated cir-
cuit, graphics processor, and so forth. As illustrated, the pro-
cessor 102 is coupled to a memory 104.

The memory 104 may include computer-readable storage
media (“CRSM”). The CRSM may be any available physical
media accessible by a computing device to implement the
instructions stored thereon. CRSM may include, but is not
limited to, random access memory (“RAM”), read-only
memory (“ROM”), electrically erasable programmable read-
only memory (“EEPROM”), flash memory or other memory
technology, compact disk read-only memory (“CD-ROM”™),
digital versatile disks (“DVD”) or other optical disk storage,
magnetic cassettes, magnetic tape, magnetic disk storage or
other magnetic storage devices, or any other non-transitory
medium which can be used to store the desired information
and which can be accessed by a computing device.

The memory 104 may store a memory manager 106 for
execution on the processor 102. The memory manager 106 is
configured to reuse dynamically allocated memory, such as
memory pages within a virtual memory system. The memory
manager 106 may include several modules, including a page
comparator module 108, a pointer maintenance module 110,
a copy on write module 112, and a collapse on write module
114.

The page comparator module 108 is configured to deter-
mine when two or more memory pages contain data deemed
to be identical. This comparison may include examination of
hashes, bit level comparisons, and so forth.

In some implementations pages may be deemed identical
when a match of the contents of the memory pages indicates
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the contents are the same, or when the match exceeds a
pre-determined threshold or position within the memory. For
example, multiple memory pages may differ by a single bit at
the end of those memory pages and still be determined to be
identical for the processes and techniques described herein.

In other implementations a portion of each page may be
allocated for data storage. Thus pages may be deemed iden-
tical when the contents of those portions are the same while
disregarding the remainder of the pages. The comparison
process is described below in more detail with regards to F1G.
7.

In some implementations one or more of the functions of
the comparator module 108 may be provided via hardware,
such as content addressable memory. For example, content
addressable memory (CAM) may be configured to store a
hash value and page address for pages stored in random
access memory. The CAM may then be queried and used to
find the page addresses for matching memory pages.

The pointer maintenance module 110 is configured to
maintain a data structure containing one or more memory
pointers. These pointers provide a page address which refers
a process to a particular page within the memory 104. Point-
ers are described in more detail below.

The copy on write module 112 provides the copy on write
operation. During a copy on write operation, contents of an
existing memory page are copied to a second memory page,
and the second memory page may be updated. The copy on
write operation leaves the original page intact and unmodi-
fied. As part of the copy on write operation, pointers may be
updated to refer the calling process to the second memory
page. The copy on write operation is discussed in more detail
below with regards to FIG. 2.

The collapse on write module 114 provides the collapse on
write operation. When a write would result in a page having
duplicate data with an existing memory page, the collapse on
write operation updates pointers such that the pointers refer to
a single memory page. The duplicate memory pages may then
be de-allocated. The collapse on write operation is also dis-
cussed below in more detail below.

In some implementations, the processes described herein
as provided by the memory manager 106 may be considered
to operate where the translation between virtual memory
location and physical memory locations within particular
memory hardware occurs. The copy on write modules 112
and the collapse on write modules 114 may thus be configured
to intercept and modify calls to memory pages such that an
application executing on the processor 102 is unaware of the
copy or collapse operations.

As illustrated, the memory 104 may also store one or more
memory pointers 116. These pointers 116 associate a particu-
lar process with a location within memory, such as a particu-
lar memory page. In these figures, pointers are designated
with arrows A, B, C, . . . X. The total number of pointers 116
available within the system 100 may be determined by pro-
grammatic or hardware limitations. In some implementa-
tions, pointers may be associated with one or more processes,
and may refer to one or more memory pages. In some imple-
mentations, pointers may comprise a physical memory
address or a virtual memory address.

Memory pages 118 are blocks of memory which have been
allocated for the storage of data. These blocks may be con-
tiguous blocks in some instances. The memory pages 118(1),
118(2), . . . (X) may be associated with particular physical
addresses within the memory 104 hardware. The memory
pages 118 may also be virtual memory addresses, configured
to provide a memory space across one or more different
physical memory devices.
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In some implementations, the memory pages 118 may have
an associated read/write flag 120. This flag may be used to
designate when a particular memory page is being read from
or actively written to. This designation may be made by
monitoring accesses to the page over a pre-determined inter-
val. This pre-determined interval may be a time such as 10
nanoseconds, number of memory access cycles such as the
last five read/write cycles, and so forth. In another implemen-
tation, the pre-determined interval may be a time-out timer,
configured to reset to a pre-determined value upon the occur-
rence of some action, such reading or writing to a memory
page.

FIG. 2 illustrates a copy on write operation 200. The con-
tents of memory pages designated as “copy on write” may be
assumed to not change in most instances, at least until the
copy on write designation is removed. The designation of the
memory page as a “copy on write” page thus protects the
contents of the memory page from change. Multiple pointers
may refer to this page, but any attempt to change until the
designation is removed will result in a copy and resulting
changes to the copy with an update to the pointer.

In this illustration the memory page 118(1) is shown con-
taining the data “Tree”. Three pointers 116 designated A, B,
and C refer to this memory page. In this illustration, suppose
that the process associated with pointer C will change the data
within the memory page 118(1). A copy on write operation
202 takes place, leaving the memory page 118(1) intact and
creating a copy of the memory page 118(2). The A and B
pointers remain associated with the original memory page
118(1) while the C pointer now refers to the memory page
118(2). The contents of the memory page 118(2) may now be
modified by the process associated with pointer C. As shown
here, the data within the memory page 118(2) is now “Free”.

As described above, as individual processes such as appli-
cation instances in a virtual server environment continue to
make changes to memory pages 118, the copy on write opera-
tion may result in significantly increased memory page usage.

FIG. 3 illustrates a collapse on write operation 300. As
mentioned above, copy on write operations may result in
increased utilization of memory pages. Over time, those
memory pages 118 may be modified such that the contents of
several memory pages 118 are deemed to be identical. Con-
tinuing the example from FIG. 2, as shown in FIG. 3 the
contents of the memory page 118(2) have been changed from
“Free” back to “Tree”. As a result, the data of the memory
page 118(1) and 118(2) are now identical. A collapse on write
operation 302 is used to update the pointers to a primary page
containing the data, and allows the now duplicative memory
page 118(2) to be de-allocated.

The collapse on write operation may occur during regular
operation, or be deferred to a later time. For example, the
collapse on write operation may be configured to be deferred
until a pre-determined level of system resources are available,
such as processor time, available memory, and so forth. The
collapse on write operation may also be configured to be
deferred until the system enters a pre-defined condition, such
as a wait state. In some implementations, the read/write flag
120 may be used to determine which pages are eligible for a
deferred collapse operation.

In another implementation, evaluation as to whether the
collapse on write operation is merited may occur during regu-
lar operation or be deferred to a later time as above. For
example, when the system resources are being heavily uti-
lized for other operations the determination as to whether to
perform the scan to locate memory pages deemed to be iden-
tical and collapse may be deferred until a pre-determined
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level of system resources are available, such as processor
time, available memory, and so forth.

FIG. 4 illustrates over time movement 400 of data via
copies and collapses across four memory pages. In this illus-
tration, time increases down the page as indicated by arrow
402. The following process may take place within an indi-
vidual device, across multiple virtual instances, across mul-
tiple virtual and physical devices, and so forth.

At time 404, the first memory page 118(1) is in use con-
taining data. The memory pages 118(2)-(4) are available for
use, either being empty or having been de-allocated. Suppose,
as shown above in FIGS. 1-3, that several processes have
pointers referring to the same memory page 118. One of these
processes calls to modify data within the memory page, and a
copy on write operation is initiated.

At time 406, the memory page 118(1) continues to hold
data, as does 118(2) which now contains a modified copy of
the data originally from the memory page 118(1). Several
processes then call upon the memory page 118(2), each mak-
ing additional changes to the memory pages 118 which they
point to.

At 408, the memory page 118(1) retains its original data,
and now the memory pages 118(2)-(4) contain modified cop-
ies of that original data. Continued activity by one or more of
the processes results in modification of the data such that the
contents of memory pages 118(2)-(4) are identical. As a
result, a collapse on write operation is initiated between
memory pages 118(2)-(4).

At 410, the memory pages 118(2)-(4) have been collapsed
using a collapse on write operation into the memory page
118(3). As aresult, the memory pages 118(2) and 118(4) may
be de-allocated and used for storage of other data. After
further activity by the processes pointing to the memory
pages 118, the data within the memory page 118(1) and
118(3) are now identical. Another collapse on write operation
is initiated between these two pages.

At 412, the memory pages 118(1) and 118(3) have been
collapsed. As a result, now only the memory page 118(1) is in
use, while the remaining memory pages 118(2)-(4) remain
available for storage of data.

As shown here in this illustration, over time the number of
memory pages 118 storing data may increase and decrease.
By using the collapse on write operation, overall memory use
is reduced. This improves hardware utilization and provides
significant benefits, particularly in shared or cloud computing
environments where the memory may store many duplicate
pieces of data within the finite number of memory pages 118.
Illustrative Processes

This disclosure describes several processes which may be
implemented by the architectures described herein or by other
architectures. These processes are illustrated as a collection
of'blocks in a logical flow graph, which represent a sequence
of'operations that can be implemented in hardware, software,
or a combination thereof. In the context of software, the
blocks represent computer-executable instructions stored on
one or more computer-readable storage media that, when
executed by one or more processors, perform the recited
operations. Generally, computer-executable instructions
include routines, programs, objects, components, data struc-
tures, and the like that perform particular functions or imple-
ment particular abstract data types. The order in which the
operations are described is not intended to be construed as a
limitation, and any number of the described blocks can be
combined in any order and/or in parallel to implement the
process.

FIG. 5 is a flow diagram of an illustrative process 500 of
de-allocating memory pages with duplicative data to allow
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for reuse. At 502, a plurality of memory pages 118 is scanned
to identify memory pages 118 deemed to have identical con-
tents. In some configurations, the read/write flag 120 may be
used to select which memory pages are examined for dupli-
cate data. For example, pages which have been marked as
“write” indicating that they have recently been modified or
are likely to be modified soon may be omitted from the scan.
In some implementations, the page comparator module 108
may perform this scan.

Groups of memory pages may be allocated at the same
time. For example, an application calling for memory may be
allocated a group of ten memory pages. The scanning process
may utilize information about group assignments to improve
scanning throughput. The scan may be configured to deter-
mine if a pre-determined memory page or pages within the
groups, such as the first memory page, are deemed to be
identical. When the first memory pages for two groups are
deemed to be identical, the more computationally expensive
bitwise comparison may then be performed. However, when
the first memory pages for the two groups do not match,
designate the groups and memory pages therein as non-du-
plicate, skip those pages, and continue scanning.

In another implementation, duplicate memory pages may
be determined using a content addressable memory (CAM).
Pages may be directly stored in CAM, allowing direct inter-
rogation for matches. Alternatively, a hash value for each
memory page 118 may be stored in CAM along with the
address of the corresponding memory page 118. Interroga-
tion of the CAM provides memory page addresses having
duplicate hashes. Duplication of data may be determined with
the hash, or the hash may be used to target particular memory
pages for more detailed bit match comparisons, such as
described below with regards to FIG. 7.

At 504, one of the identical memory pages is designated as
a primary page. For example, out of a set of memory pages
118 containing identical data, the memory page 118 with the
lowest address number may be selected.

At 506, non-primary identical memory pages are desig-
nated as duplicate memory pages 118. The non-primary iden-
tical memory pages are the remainder of the set of memory
pages 118 containing identical data less the primary page.

At508, memory pointers referring to the duplicate memory
pages are updated to refer to the primary page. After this
update, the processes will then look to the single primary
page. In some implementations, the pointer maintenance
module 110 may perform this task.

At 510, the duplicate memory pages which are no longer
referenced by the pointers are de-allocated. De-allocation
frees the memory pages 118 up for future use in storing data.
In some implementations the de-allocation may be performed
by a garbage collection process, such as within an operating
system or programming environment.

FIG. 6 is a flow diagram of an illustrative process 600 of a
collapse on write operation. At 602, a write request to modify
data at a first memory page 118(1) in a memory 104 is
received. The write request may be received by the memory
manager 106 in some implementations.

At 604, data duplicative of the requested modification
which already exists at a primary page within the memory 104
is determined. This may be done using hashes, bit compari-
son, content addressable memory, and so forth. For example,
where the modification is to change the data within the
memory page from “Tree” to “Free”, a primary page contain-
ing the value “Free” would be determined, such as by having
amatching hash value. As described above, this function may
be performed by the page comparator module 108 in some
implementations.
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At 606, a memory pointer 116 is configured to designate
the primary page instead of the first memory page. Once the
pointer has been configured, no process is looking to the first
memory page. In some implementations, the pointer mainte-
nance module 110 may perform this operation. At 608, the
first memory page is de-allocated and freed for other use.

FIG. 7 is a flow diagram of an illustrative process 700 of
comparison of two or more memory pages to find duplicative
data. It is recognized that there are many ways of determining
whether data between two or more memory pages is identical.
What follows is one illustrative process for making this com-
parison.

At702, a hash for a first memory page 118(1) and a second
memory page 118(2) are compared. The memory manager
106 may be configured to generate a hash value for the con-
tents of each memory page 118. The hash may be indicative,
but may not be dispositive of a match. For example, depend-
ing upon the hash algorithm, an additional comparison may
be used to confirm that the memory page 118 contents are
indeed identical.

At 704, when the hashes between two or more memory
pages 118 match, the process proceeds to 706. As described
above, in some implementations the hash match may be deter-
mined using content addressable memory. At 706, a bit com-
parison between the first memory page 118(1) and the second
memory page 118(2) is initiated. This bit comparison com-
pares individual bits within the memory pages to one another.
When at 708 the bits match, the process proceeds to 710. For
example, where the memory pages are stored within content
addressable memory, the contents of those memory pages
may be directly compared to determine duplicates.

At 710, the second memory page 118(2) is designated as a
duplicate of the first memory page 118(1). As described
above, the memory pointers 116 currently pointing to 118(2)
may be updated to point to 118(1) and the memory page
118(2) may then be de-allocated.

Returning to 704 and 708, when the hash or bits do not
match, the process may proceed to 712. At 712, the second
memory page 118(2) is designated as different. For example,
a single bit may vary between the two memory pages 118
undergoing comparison.

FIG. 8 is a flow diagram of an illustrative process 800 of
using a shared previously initialized memory page. As
described above, many processes during execution will ini-
tialize one or more blocks of memory, particularly at instan-
tiation. For example, initialization may involve setting the
entire memory page to zeros. This allows the process to start
with memory in a known, clean state, preventing erroneous
program execution, data errors, and so forth which may occur
when the process begins to use a previously used memory
page 118.

In environments such as shared or cloud computing
resources, there may be many instances of the same process
which are executing. Consider an example where there are
1,000 copies of the same process executing, and that upon
instantiation each process reserves and initializes 1,000
memory pages 118. This would typically lead to an initial
memory usage of 1,000,000 memory pages 118.

As mentioned above, in some implementations pages may
be deemed identical when a match of the contents of the
memory pages indicates the contents are the same. For
example, a first memory page may store “0010” while a
second memory page stores “0010”. In this example the first
and second memory pages may be deemed identical because
they contain the same data. However, a third memory page
containing “0011” would not be identical with the first and
second memory pages because the last digit differs.
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In another implementation, memory pages may be deemed
identical when the contents of those memory pages exceed a
pre-determined threshold of correspondence. For example,
where the first memory page stores “0010” and the second
memory page stores “0011”, three out of four bits are identi-
cal within the two memory pages. The page comparator 108
may be configured such that the two memory pages are
deemed identical when the correspondence between the bits
exceed the pre-determined threshold value of 75%.

In yet another implementation the page comparator 108
may be configured to disregard one or more bits in particular
positions within each memory page. For example, the page
comparator 108 may be configured to disregard the last bit in
each memory page. Continuing our example, the first and
second memory pages above would thus be deemed identical
because the first three positions store “001”.

The process 800 minimizes the amount of memory used for
initializations. At 802, a request to initialize one or more
memory pages is received. The initialization may comprise
setting data storage locations within the memory page to a
pre-determined initialization value. For example, a process
may be calling for 1,000 memory pages with initial data of all
zeroes therein. In other implementations, the pre-determined
initialization value may be a particular value, pattern of val-
ues, and so forth. For example, the memory pages may be
initialized to contain some zero values and some values suit-
able for debugging.

At 804, a previously initialized primary initialized page is
determined. For example, the memory page 118(1) may have
been previously initialized and contains all zeroes and desig-
nated at the primary initialized page.

At 806, one or more pointers are updated to refer to the
primary initialized page. Continuing the example, the point-
ers 116 associated with the process would be set so that all
1,000 pointers refer to the memory page 118(1). By using this
process a single memory page is reused rather than consum-
ing 1,000 memory pages to instantiate the process. When data
is to be written to the address designated by the pointer, a copy
on write operation may then take place and the data written to
the second copy.

FIG. 9 is a flow diagram of an illustrative process 900 of
writing data to a shared previously initialized memory page.
As described above, one or more memory pages 118 may be
designated as a primary initialized page. This may be the
memory page 118 which contains all zeroes, all ones, or
another pre-determined initialized pattern.

At 902, a request is received to write data to the primary
initialized page via one of the one or more memory pointers
116. For example, one of the processes may begin accepting
data from a user and need to store the data for further pro-
cessing.

At 904, a copy on write of the primary initialized page to a
second memory page is initiated. At 906, the primary initial-
ized page is copied to a second memory page and data is
written to the second memory page. At 908, one or more of the
memory pointers are updated to refer to the second memory
page. In some implementations, the initialized memory pages
118 may be initialized and then a collapse on write operation
may be performed.

CONCLUSION

Although specific details of illustrative methods are
described with regard to the figures and other flow diagrams
presented herein, it should be understood that certain acts
shown in the figures need not be performed in the order
described, and may be modified, and/or may be omitted
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entirely, depending on the circumstances. As described in this
application, modules and engines may be implemented using
software, hardware, firmware, or a combination of these.
Moreover, the acts and methods described may be imple-
mented by a computer, processor or other computing device
based on instructions stored on one or more computer-read-
able storage media.

What is claimed is:

1. A computer-readable storage media storing instructions
that, when executed, instruct a processor to perform acts
comprising:

associating a first virtual memory address pointer to a first

memory page of a random access memory (RAM) and a
second virtual memory address pointer to a second
memory page of the RAM;

identifying one or more flagged memory pages of a plural-

ity of memory pages, the one or more flagged memory
pages associated with a flag that indicates that the cor-
responding page has been modified within a pre-deter-
mined interval of time;

identifying a plurality of target memory pages of the plu-

rality of memory pages, the target memory pages
excluding the one or more flagged memory pages and
including at least the first memory page and the second
memory page;

scanning the plurality of target memory pages for memory

pages deemed to have identical contents;

identifying, based at least in part on the scanning, that the

first memory page and the second memory page have
contents that are deemed to be identical to one another;
designating the first memory page as a primary page;
designating the second memory page as a duplicate page;
and
updating the second virtual memory address pointer refer-
ring to the second memory page to refer to the first
memory page.

2. The computer-readable storage media of claim 1, further
comprising de-allocating the second memory page.

3. The computer-readable storage media of claim 1,
wherein the scanning comprises comparing hashes of the
target memory pages.

4. The computer-readable storage media of claim 3,
wherein the comparing hashes comprises querying a content
addressable memory storing the hashes.

5. The computer-readable storage media of claim 1,
wherein the scanning comprises:

identifying one or more updated memory pages of the one

or more flagged memory pages, individual ones of the
one or more updated memory pages indicating that a
corresponding page has not been modified within the
pre-determined interval of time; and

scanning the updated memory pages.

6. The computer-readable storage media of claim 1,
wherein the pre-determined interval comprises a pre-deter-
mined number of memory access cycles.

7. The computer-readable storage media of claim 1,
wherein the pre-determined interval is tracked using a timer
configured to reset to a pre-determined value in response to a
write request.

8. A system comprising:

a processor;

a random access memory (RAM), coupled to the proces-

sor; and

a memory manager module, coupled to the processor and

coupled to the RAM, the memory manager module con-
figured to:
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associate a first address pointer to a first memory loca-
tion of the RAM and a second address pointer to a
second memory location of the RAM;
identify one or more flagged memory locations associ-
ated with a flag that indicates that a corresponding
memory location is being read from or written to;
identify target memory locations excluding the one or
more flagged memory locations, the target memory
locations including at least the first memory location
and the second memory location;
scan the target memory locations for memory locations
deemed to have identical contents;
identify, based at least in part on the scanning, that the
first memory location and the second memory loca-
tion have contents that are deemed to be identical to
one another;
designate the first memory location as a primary loca-
tion;
designate the second memory location as a duplicate
location; and
update the second address pointer referring to the second
memory location to refer to the first memory location.
9. The system of claim 8, wherein the memory manage-
ment module is further configured to de-allocate the second
memory location.
10. The system of claim 8, wherein the scanning comprises
comparing hashes of the target memory locations.
11. The system of claim 10, wherein the comparing hashes
comprises querying a content addressable memory storing
the hashes.
12. The system of claim 8, wherein the scanning com-
prises:
identifying one or more updated memory locations of the
one or more flagged memory pages, individual ones of
the one or more updated memory pages indicating that a
corresponding location is no longer being read from or
written to; and
scanning the updated memory locations.
13. The system of claim 8, wherein the flag indicates that
the corresponding memory location has been modified within
apre-determined interval of time wherein the pre-determined
interval comprises a pre-determined number of memory
access cycles.
14. A method comprising:
identifying flagged memory pages of a Random Access
Memory (RAM), the flagged memory pages associated
with a flag indicating that a corresponding memory page
has been modified within a pre-determined interval of
time;
scanning target memory pages of the RAM for memory
pages deemed to have identical contents, the target
memory pages excluding the flagged memory pages;

identifying, based at least in part on the scanning, identical
memory pages having contents that are deemed to be
identical to one another; and

updating one or more address pointers referencing indi-

vidual ones of the identical memory pages to reference a
primary page of the identical memory pages.

15. The method of claim 14, the method further comprising
de-allocating one or more of the identical memory pages.

16. The method of claim 14, wherein the scanning com-
prises comparing hashes of content stored at the target
memory pages.

17. The method of claim 16, wherein the comparing hashes
comprises querying a content addressable memory storing
the hashes.



US 9,069,477 B1

11

18. The method of claim 14, wherein the scanning com-
prises:

identifying one or more updated memory pages of the one
or more flagged memory pages, individual ones of the
one or more updated memory pages indicating that a
corresponding page has not been modified within the
pre-determined interval of time; and

scanning the updated memory pages.

19. The method of claim 14, wherein the pre-determined
interval is tracked using a timer configured to reset to a
pre-determined value in response to a write request.

20. One or more computer-readable storage media encoded
with instructions that, when executed by one or more proces-
sors, causes the one or more processors to perform acts com-
prising:

identifying one or more flagged memory pages of a Ran-

dom Access Memory (RAM), the one or more flagged
memory pages associated with a flag indicating that a
corresponding memory page has been modified within a
pre-determined interval of time;

scanning target memory pages of the RAM for memory

pages deemed to have identical contents, the target
memory pages excluding the flagged memory pages;
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identifying, based at least in part on the scanning, identical
memory pages having contents that are deemed to be
identical to one another; and

updating one or more address pointers referencing indi-

vidual ones of the identical memory pages to reference a
primary page of the identical memory pages.

21. The one or more computer-readable storage media of
claim 20, further comprising de-allocating one or more of the
identical memory pages.

22. The one or more computer-readable storage media of
claim 20, wherein the scanning comprises comparing hashes
of content stored at the target memory pages.

23. The one or more computer-readable storage media of
claim 20, wherein the scanning comprises:

identifying one or more updated memory pages of the one

or more flagged memory pages, individual ones of the
one or more updated memory pages indicating that a
corresponding page has not been modified within the
pre-determined interval of time; and

scanning the updated memory pages.

24. The one or more computer-readable storage media of
claim 20, wherein the pre-determined interval is tracked
using a timer configured to reset to a pre-determined value in
response to a write request.
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